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Clinical PerspectiveWhat is New?Impaired mitochondrial function and biogenesis was demonstrated in left atrial tissue from a diabetic rabbit model with preserved cardiac function.Dipeptidyl peptidase‐4 inhibitors can potentially improve mitochondrial function and biogenesis and ameliorate atrial arrhythmic substrate in diabetes mellitus.What are the Clinical Implications?Mitochondria are attractive upstream targets for prevention of atrial fibrillation in patients with diabetes mellitus.Dipeptidyl peptidase‐4 inhibitors can act upstream to prevent mitochondrial abnormalities and, in turn, induce reverse electrophysiological and structural remodeling of the atrium.

Introduction {#jah32256-sec-0008}
============

Atrial fibrillation (AF) is the most frequent sustained arrhythmia in clinical practice and presents a high risk of thromboembolism.[1](#jah32256-bib-0001){ref-type="ref"} Its incidence is increasing worldwide owing to an aging population and higher prevalence of cardiovascular risk factors. Of the latter, diabetes mellitus (DM) is one of the most common chronic metabolic diseases. Findings from experimental and clinical studies suggest a strong relationship between DM and AF.[2](#jah32256-bib-0002){ref-type="ref"}, [3](#jah32256-bib-0003){ref-type="ref"}, [4](#jah32256-bib-0004){ref-type="ref"} Our group has previously demonstrated that oxidative stress and inflammation play an important role in the pathogenesis of AF in diabetic rabbits, and antioxidant therapies have proved beneficial in preventing the atrial structural and electrical remodeling.[4](#jah32256-bib-0004){ref-type="ref"}, [5](#jah32256-bib-0005){ref-type="ref"} However, these processes may only partially explain the high risk of AF in DM patients. Other potential mechanisms include alterations in energy metabolism, cellular calcium handling, ion channel function, and aberrant conduction.[6](#jah32256-bib-0006){ref-type="ref"}, [7](#jah32256-bib-0007){ref-type="ref"} All of these cellular processes are energy dependent and therefore require normal mitochondrial function.

The mitochondria are the cellular powerhouses responsible for ATP generation, forming a network surrounding the sarcoplasmic reticulum, myofilaments, and transverse tubules. They have additional functions such as signaling transduction, redox state control, and cellular apoptosis.[8](#jah32256-bib-0008){ref-type="ref"} In addition to oxidative stress, abnormalities in calcium handling, mitochondria DNA damage, and mitochondrial dysfunction readily disrupt cardiac rhythms through depleting energy supply to the ion channels and transporters. An emerging body of evidence implicates disturbances of energy metabolism in the pathogenesis of AF.[9](#jah32256-bib-0009){ref-type="ref"}, [10](#jah32256-bib-0010){ref-type="ref"}, [11](#jah32256-bib-0011){ref-type="ref"} Recently, Yan et al[12](#jah32256-bib-0012){ref-type="ref"} found that adiponectin, a metabolism‐related protein secreted by adipose tissue that possesses potent cardioprotective effects, attenuated myocardial infarction injury and improved mitochondrial biogenesis by AMP‐activated protein kinase (AMPK)/peroxisome proliferator--activated receptor‐γ coactivator 1α (PGC‐1α) signaling in diabetic hearts. Moreover, impaired mitochondrial biogenesis and energy metabolism were observed during rapid atrial pacing‐induced AF in rabbits.[13](#jah32256-bib-0013){ref-type="ref"} However, limited data exist as to whether adiponectin/AMPK/PGC‐1α signaling contributes to mitochondrial dysfunction and initiation or maintenance of AF in diabetic hearts.

Dipeptidyl peptidase‐4 (DPP‐4) inhibitors are glucose‐lowering agents for the treatment of type 2 DM mainly by inhibiting the degradation of glucagon‐like peptide‐1 (GLP‐1). Besides glycemic control, DPP‐4 inhibitors have been shown to have cardiovascular protective effects in the ischemic heart model.[14](#jah32256-bib-0014){ref-type="ref"}, [15](#jah32256-bib-0015){ref-type="ref"} The DDP‐4 inhibitor alogliptin was found to shorten the duration of AF in a heart failure model of rabbit induced by ventricular tachycardia pacing.[16](#jah32256-bib-0016){ref-type="ref"} Keller et al[17](#jah32256-bib-0017){ref-type="ref"} reported that saxagliptin, a DPP‐4 inhibitor, can restore vascular mitochondrial adaptation to exercise in a diabetic rodent model and increase the expression of mitochondrial complexes, cytochrome c, endothelial nitric oxide synthase, and PGC‐1α. Furthermore, vildagliptin and sitagliptin attenuated cardiac dysfunction and prevented cardiac mitochondrial dysfunction in obese insulin‐resistant rats.[18](#jah32256-bib-0018){ref-type="ref"} However, the effects of DPP‐4 inhibitors on the atrial metabolic disturbance associated with AF are not completely understood. Therefore, we aimed to investigate the effects of alogliptin, a DPP‐4 inhibitor, on atrial mitochondrial remodeling and AF associated with metabolic stress.

Methods {#jah32256-sec-0009}
=======

Experimental Animals and Protocol {#jah32256-sec-0010}
---------------------------------

This study was approved by the Experimental Animal Administration Committee of Tianjin Medical University and Tianjin Municipal Commission for Experimental Animal Control.

Japanese white rabbits (1.8--2.2 kg) were purchased from Beijing Medical Animals Research Institute. A computer was used to generate 90 different random numbers corresponding to the rabbits. The first 30 rabbits were taken as the control group, the middle 30 rabbits as the DM group, and the remaining 30 rabbits as the alogliptin‐treated DM (DM‐A) group. In each group, the first 10 rabbits were used for the first part of the experiments (including echocardiographic, hemodynamic, histological, and serum biochemical and oxidative stress--related markers examination, as well as Western blot and real‐time polymerase chain reaction \[PCR\] analysis). The middle 10 rabbits were used for the electrophysiological studies, and the remaining 10 rabbits were used for examinations of mitochondrial function.

Diabetic Rabbit Model {#jah32256-sec-0011}
---------------------

In the DM and DM‐A groups, 120 mg/kg of 5% alloxan (alloxan monohydrate, Sigma Aldrich Chemical) dissolved in sterile normal saline were injected intravenously into the marginal ear vein of rabbits for induction of DM. Fasting blood glucose was measured 48 hours later, and rabbits with glucose levels ≥14 mmol/L were used for subsequent experimentation. If the fasting blood glucose level did not reach diagnostic criteria after 48 hours, then the same dose of alloxan was injected again. If the fasting blood glucose level still did not meet the criteria, the rabbit was excluded from the study. This process was repeated until a sufficient number of diabetic rabbits were induced. After successful induction of DM, fasting blood glucose concentration was monitored weekly using the glucometer Optium Xceed (Abbott Laboratories MediSense Products). After the establishment of DM, animals in the DM‐A group were administrated alogliptin (12.5 mg/kg per day; Tianjin Takeda Pharmaceuticals Co, Ltd) for 8 weeks.

Echocardiographic Assessment {#jah32256-sec-0012}
----------------------------

After 8 weeks, transthoracic echocardiography was performed by blinded operators. The rabbits were anesthetized with 3% pelltobarbitalum natricum (30 mg/kg) and placed on the table in the left lateral decubitus position. Echocardiographic parameters were obtained in the parasternal long‐axis view using a GE Vingmed machine (Vivid 7/Vingmed General Electric) equipped with a 7.5‐MHz standard pediatric probe. Left atrial (LA) anteroposterior diameter, left ventricular posterior wall thickness, interventricular septal thickness, left ventricular end‐diastolic dimension, and left ventricular end‐systolic dimension were measured using both 2‐dimensional and M‐mode imaging during 5 consecutive cardiac cycles. Left ventricular ejection fraction was calculated according to our previous study.[5](#jah32256-bib-0005){ref-type="ref"} The average of 3 measurements was calculated for subsequent analysis.

Hemodynamic Study and Sample Collection {#jah32256-sec-0013}
---------------------------------------

At the end of echocardiographic examination, each rabbit underwent right carotid artery cannulation for measuring hemodynamic parameters during ECG monitoring. Heart rate, aortic systolic blood pressure, diastolic blood pressure, and mean blood pressure were recorded carefully after a stabilization period using a BL‐ICF biological function detection system (Chengdu Taimeng Science and Technology Co, Ltd). A cannula was then inserted through the aortic valve to the left ventricle to measure the ventricular end‐diastolic pressure and maximal and minimal rates of the rise in left ventricular pressure.

Subsequently, blood samples were obtained from the carotid artery for measurements of serum biochemical, inflammatory, and oxidative stress markers. The animals were then immediately euthanized and the LA tissues were collected, frozen immediately in liquid nitrogen, and stored at −80°C. Small pieces of LA tissue were immersed in 10% formaldehyde and 2.5% glutaraldehyde for histological and ultrastructural studies, respectively.

Serum Biochemical, Inflammatory, and Oxidative Stress Measurements {#jah32256-sec-0014}
------------------------------------------------------------------

Serum biochemical examination including fasting glucose at the 8th week, total cholesterol, triglycerides, low‐density lipoprotein cholesterol, high‐density lipoprotein cholesterol, and creatinine level were detected using a full automatic biochemical analyzer. Fasting insulin and GLP‐1 level were assessed using a rabbit insulin ELISA kKit (Wuhan Huamei Biological Engineering Co, Ltd) and rabbit GLP‐1 ELISA kit (Shanghai Huding Biological Technology Co) according to the manufacturers\' instructions, respectively. A lipid peroxidation malondialdehyde (MDA) assay kit (Nanjing Jianchen Bioengineering Institute) was used to detect the serum MDA level, and another oxidative stress--related marker serum 8‐hydroxy‐2′‐deoxyguanosine (8‐OHdG) was assessed by a rabbit 8‐OHdG ELISA kit (Shanghai Huding Biological Technology Co). Serum antioxidant enzyme superoxide dismutase activity was evaluated by an antioxidant enzyme activities kit (Nanjing Jianchen Bioengineering Institute). Finally, the inflammation marker high‐sensitivity C‐reactive protein level was also detected using a rabbit high‐sensitivity C‐reactive protein ELISA kit (Wuhan Huamei Biological Engineering Co, Ltd).

Histological and Ultrastructural Analyses {#jah32256-sec-0015}
-----------------------------------------

The LA myocardium was cut at 4‐μm intervals and stained with hematoxylin and eosin and Masson\'s trichrome stains to evaluate the cardiomyocyte diameter and the extent of interstitial fibrosis, respectively. The cell borders were measured in the short‐axis view with a visible mononucleus from 10 random fields, and an average of 40 cardiomyocytes per animal were analyzed from each animal in the group. Micrographs were digitized using Photoshop 7.0 (Adobe). To quantify the areas of interstitial fibrosis in the LA myocardium, the blue pixel content of the digitized images, excluding the perivascular fibrotic areas, were measured relative to the total tissue area using Image‐Pro Plus 6.0 Scion image software (Scion Corporation).

Atrial tissues that had been fixated in 2.5% glutaraldehyde for 2 hours were used for ultrastructural analysis. After being further fixated in 1% osmium tetroxide, dehydrated in ethanol, and embedded in Epon, ultrathin sections were cut from each sample. Finally, each ultrathin section was counterstained with uranium acetate and lead citrate and evaluated under H‐7650 transmission electron microscope (Hitachi).

Surface ECGs and Electrophysiological Studies {#jah32256-sec-0016}
---------------------------------------------

Surface ECGs were performed before the electrophysiological study. To evaluate the electrophysiological properties of rabbit hearts, median sternotomy was performed under anesthetization with 3% pelltobarbitalum natricum (30 mg/kg), and the hearts were quickly removed and retrogradely perfused through the ascending aorta with 37°C Tyrode\'s solution equilibrated with 5% CO~2~ and 95% O~2~. The perfusion pressure was maintained at 80 to 95 mm Hg. The Tyrode\'s solution (pH 7.3--7.4) consisted of the following (mmol/L): NaCl 130, KCl 5.6, NaHCO~3~ 24.2, CaCl~2~ 2.2, MgCl~2~ 0.6, NaH~2~PO~4~ 1.2, and glucose 12.

Four silver bipolar electrodes were attached to the high right atrium, high left atrium, low left atrium, and right ventricular apex, respectively. A custom‐made computer software program (Electrophysiological Recording System, TOP‐2001, HTONG Company) was used to deliver 2‐fold diastolic pacing threshold currents with a 2‐ms pulse duration. The atrial effective refractory period (AERP) at high right atrium, high left atrium, and low left atrium were measured at basic cycle lengths of 150, 200, and 250 ms using programmed extra‐stimuli, which was defined as the longest S1S2 interval that failed to capture the atrium. The S2 extra‐stimulus was delivered after a train of 8 basic S1S1 stimuli, and the S1S2 interval was decreased by an interval of 2 ms until atrial refractoriness was reached. AERP dispersion was defined as the difference between the longest AERP and the shortest AERP at 4 different sites. The interatrial conduction time (IACT), defined as the duration from the high right atrium pacing stimulus to the beginning of the high left atrium stimulus, was measured at basic cycle lengths of 150, 200, and 250 ms during high right atrium pacing. Atrioventricular Wenckebach cycle length was measured by right atrial incremental pacing. AF induction was tested by burst pacing (cycle length of 50 ms) for 1 second, which was performed 5 times with 30‐second intervals at amplitude of 5 V. AF was defined as rapid, irregular atrial response longer than 1000 ms.

Isolation of Mitochondria From Atrial Tissues {#jah32256-sec-0017}
---------------------------------------------

Rabbits were euthanized with 3% pelltobarbitalum natricum and median sternotomy was immediately performed. A portion of ≈100 mg of the atrial tissue was quickly dissected and minced in an ice‐cold isolation medium containing mannitol 220 mmol/L, sucrose 70 mmol/L, HEPES 5 mmol/L, PMSF 1 mmol/L, BSA 0.2% (w/v), and pH 7.4. The minced blood‐free tissue was homogenized using a manual glass homogenizer with 6 passes (0--4°C). Subsequently, the homogenate was centrifuged at 1000*g* for 10 minutes and the liquid supernatant was collected, which was then centrifuged at 10 000*g* for 10 minutes. The major constituent of the deposit was mitochondrial pellet, which was suspended in 0.5 mL of the conversational medium containing mannitol 220 mmol/L, sucrose 70 mmol/L, HEPES 5 mmol/L, and PH 7.4.

The mitochondrial isolation procedures were completed within 1 hour after the rabbits were euthanized. Mitochondrial protein content was assayed using a BSA protein assay reagent kit (Thermo Scientific).

Mitochondrial Respiration {#jah32256-sec-0018}
-------------------------

Mitochondrial respiratory function was measured polarographically at 25°C using a Clark‐type oxygen electrode (Oroboros Instruments). In a 3‐mL closed thermostatic and magnetically stirred glass chamber, respiration medium (mannitol 225 mmol/L, sucrose 70 mmol/L, EDTANa~2~ 1 mmol/L, KH~2~PO~4~ 20 mmol/L, K~2~HPO~4~ 20 mmol/L, and BSA 1 mg/mL, PH 7.4) was saturated with ambient oxygen to reach a concentration of 258 μmol/L. After an equilibration period, 300 μg of mitochondrial protein was added to the reaction system. Upon stabilization of the mitochondrial oxygen consumption, a 15‐μL mixture of 0.8 mol/L malic acid and 1 mol/L glutamic acid was added to initiate the state 2 respiration. After stable state 2 respiration was established, state 3 respiration was initiated by the addition of 200 nmol/L ADP. When all of the ADP had been phosphorylated to ATP, the respiratory rate returned to state 4. The respiratory control ratio was calculated as the ratio of the respiratory rate in state 3 to that in state 4.

Mitochondrial Membrane Potential {#jah32256-sec-0019}
--------------------------------

Mitochondrial membrane potential (Δψ) was assessed with tetraethyl benzimidazolyl carbocyanine iodide cationic dye, which exhibited potential‐dependent accumulation in mitochondria, resulting in a fluorescence emission shift from 525 nm (green) to 590 nm (red). Therefore, loss of Δψ was detectable by the decrease in the red to green fluorescence emission ratio.[19](#jah32256-bib-0019){ref-type="ref"} The experiments were conducted at 25°C in 2 mL of respiration medium with 300 μg of mitochondrial protein, and tetraethyl benzimidazolyl carbocyanine iodide dye equilibration was allowed for 10 minutes. Mitochondrial respiratory function was initiated by a 15‐μL mixture of 0.8 mol/L malic acid and 1 mol/L glutamic acid, and the alteration of the fluorescence emission was detected.

Mitochondrial Reactive Oxygen Species Production {#jah32256-sec-0020}
------------------------------------------------

According to a study by Bo et al,[20](#jah32256-bib-0020){ref-type="ref"} mitochondrial reactive oxygen species (ROS) generation was assessed using fresh mitochondrial suspensions with the dichlorodihydrofluorescein diacetate probe. Mitochondrial protein 300 μg was added to a quartz cuvette containing 3 mL of phosphate buffer (KCl 130 mmol/L, MgCl~2~ 43 mmol/L, NaH~2~PO~4~ 20 mmol/L, glucose 30 mmol/L, malate 2 mmol/L, and PH 7.4) and 2 μL of 2.5 mmol/L dichlorodihydrofluorescein diacetate, which was dissolved in 1.25 mmol/L methanol and kept in the dark at 0°C. The mixture was incubated at 37°C for 15 minutes, and dichlorodihydrofluorescein diacetate formation was determined fluorometrically at the excitation wavelength of 499 nm and emission wavelength of 521 nm at 37°C for 2 minutes using a Cary Eclipse Fluorescence spectrophotometer (Varian). The dichlorodihydrofluorescein diacetate fluorescence was normalized to the fold of the control group.[21](#jah32256-bib-0021){ref-type="ref"}

Western Blot Analysis {#jah32256-sec-0021}
---------------------

Western blotting was performed to assess the expression of proteins on mitochondrial biogenesis in 3 groups. Atrial tissue protein (n=10 for each group) was extracted by lysis buffer containing 150 mmol/L sodium chloride, 10 mmol/L Tris, 0.01 mol/L EDTA 4 Na, 1% NP40, 10 μg/mL Aprotein, 10 μg/mL leupeptin, 1 mmol/L PMSF, 1 mmol/L Na~3~VO~4~, and 10 mmol/L NaF. The lysates were centrifuged at 15 000*g* for 15 minutes, and the supernatants were collected. The protein concentration was determined using the Bradford colorimetric method. Total protein was fractionated by electrophoresis and transferred onto PVDF sheets (Millipore) and separately incubated with a specific antibody targeting adiponectin (1:2000; Abcom), AMPK (1:2000; Abcom), phosphorylated AMPK (1:2000; Abcom), PGC‐1α (1:1000; Abcom), transcription of nuclear respiratory factor‐1 (NRF‐1) (1:1000; Abcom), and mitochondrial transcription factor A (Tfam) (1:1000; Abcom), followed by incubation with appropriate peroxidase‐conjugated secondary antibodies. The reactions were visualized with Western Lightning Chemiluminescence Reagent (Millipore). The blots were exposed to autoradiographic film (Fujifilm Holdings Corp) according to the manufacturer\'s instructions.

Real‐Time PCR {#jah32256-sec-0022}
-------------

Total RNA was isolated with TRIzol reagent (Invitrogen) and the RNA sample was quantified using fluorescence spectrophotometry and then reverse transcribed at 42°C for 60 minutes with the Oligod (T) 18 Primers (TakaRa Biotechnology) and SuperScript RT (Invitrogen). A 20‐μL reaction system including 10 μL of FastStart Universal SYBR Green Master (ROX; Roche), 0.5 μL of forward primers (10 mmol/L), 0.5 μL of reverse primers (10 mmol/L), and 2 μL of complementary DNA was applied to the ABI 7500 Real‐Time PCR System (Applied Biosystems). The relative quantification was calculated as the 2^−ΔΔCT^, and GAPDH was used as an internal control. The primers used are shown in Table [1](#jah32256-tbl-0001){ref-type="table-wrap"}.

###### 

Primers Used for Real‐Time PCR

  Fragments    Primers                      
  ------------ ---------------------------- ----------------------------
  PGC‐1α       Sence                        5′‐AGCCTCTTTGCCCAGATCTT‐3′
  Anti‐sence   5′‐GGCAATCCGTCTTCATCCAC‐3′   
  NRF‐1        Sence                        5′‐GAACAGAATTGGGCCACGTT‐3′
  Anti‐sence   5′‐GTTGAGTGCCATGGTGACTG‐3′   
  Tfam         Sence                        5′‐TGCTTACAGGGTAGAGTGGG‐3′
  Anti‐sence   5′‐GCTTTGCCTGTGATGAACCA‐3′   

NRF‐1 indicates nuclear respiratory factor‐1; PCR, polymerase chain reaction; PGC‐1α, peroxisome proliferator--activated receptor‐γ coactivator 1α; Tfam, mitochondrial transcription factor A.

Statistical Analysis {#jah32256-sec-0023}
--------------------

Data were presented as mean±SEM. Comparisons among the 3 groups were analyzed for statistical significance using 1‐way ANOVA followed by Bonferroni correction for comparisons between 2 groups. Repeated measures ANOVA test was performed to compare the electrophysiological parameters, which were measured at different basic cycle lengths. A *P*\<0.05 was considered statistically significant.

Results {#jah32256-sec-0024}
=======

Echocardiographic and Hemodynamic Studies {#jah32256-sec-0025}
-----------------------------------------

Representative echocardiographic images of the atria from the 3 groups are shown in Figure [1](#jah32256-fig-0001){ref-type="fig"}. Compared with the control group, the LA diameter, interventricular septal thickness, and left ventricular posterior wall thickness were significantly increased in both the DM and DM‐A groups (*P*\<0.01). However, in the DM‐A group, interventricular septal thickness was decreased compared with the DM group (*P*\<0.01) and LA diameter and left ventricular posterior wall thickness showed a nonstatistically significant decrease, suggesting that alogliptin can partially inhibit structural remodeling. No difference in left ventricular ejection fraction was observed. Although there was a trend that the maximal decreasing rate of left intraventricular pressure in the DM group was lower than in both the control and DM‐A groups, all the hemodynamic parameters were not significantly different. Table [2](#jah32256-tbl-0002){ref-type="table-wrap"} summarizes the baseline characteristics of echocardiographic and hemodynamic studies.

![Representative echocardiographic imaging of the atria for the 3 different groups. A, control group; (B) diabetes mellitus (DM) group; (C) alogliptin‐treated DM group.](JAH3-6-e005945-g001){#jah32256-fig-0001}

###### 

Hemodynamic and Echocardiographic Studies

                                Control Group (n=10)   DM Group (n=10)                                    DM‐A Group (n=10)                                                                           *P* Value
  ----------------------------- ---------------------- -------------------------------------------------- ------------------------------------------------------------------------------------------- -----------
  HR, beats per min             283.0±5.6              278.3±3.4                                          279.5±5.3                                                                                   0.777
  SBP, mm Hg                    125.88±2.22            128.79±2.38                                        125.61±1.70                                                                                 0.512
  DBP, mm Hg                    82.94±2.38             85.06±3.22                                         85.59±2.15                                                                                  0.754
  MBP, mm Hg                    98.24±2.48             100.38±2.97                                        101.43±1.76                                                                                 0.651
  LVEDP, mm Hg                  0.73±0.20              1.02±0.45                                          0.74±0.50                                                                                   0.844
  +dp/dt~max~, mm Hg/m          3807.04±248.13         3565.89±260.21                                     3758.58±247.53                                                                              0.776
  −dp/dt~max~, mm Hg/m          2355.20±239.61         1536.55±124.89                                     2240.09±154.59                                                                              0.080
  LAD, mm                       6.09±0.32              8.59±0.26[a](#jah32256-note-0004){ref-type="fn"}   7.71±0.29[a](#jah32256-note-0004){ref-type="fn"}                                            \<0.001
  IVS, mm                       1.78±0.13              2.75±0.11[a](#jah32256-note-0004){ref-type="fn"}   2.29±0.06[a](#jah32256-note-0004){ref-type="fn"}, [b](#jah32256-note-0005){ref-type="fn"}   \<0.001
  PWLV, mm                      1.66±0.12              2.48±0.12[a](#jah32256-note-0004){ref-type="fn"}   2.28±0.07[a](#jah32256-note-0004){ref-type="fn"}                                            \<0.001
  LVEDD, mm                     11.96±0.20             12.20±0.46                                         12.10±0.28                                                                                  0.876
  LVESD, mm                     7.81±0.19              7.79±0.21                                          8.15±0.19                                                                                   0.381
  LVEF, %                       56.67±1.24             55.65±1.63                                         56.94±1.70                                                                                  0.824
  RVEDD, mm                     4.81±0.32              5.03±0.18                                          5.21±0.21                                                                                   0.525
  Heart weight ratio (1/1000)   2.60±0.07              2.72±0.07                                          2.68±0.08                                                                                   0.724

Values are expressed as mean±SEM. DBP indicates diastolic blood pressure; DM‐A, alogliptin‐treated diabetes mellitus (DM); +dp/dt~max~, maximal increasing rate of left intraventricular pressure; −dp/dt~max~, maximal decreasing rate of left intraventricular pressure; HR, heart rate; IVS, interventricular septum; LAD, left atrial diameter; LVEDD, left ventricular end‐diastolic dimension; LVEDP, left ventricular end diastolic pressure; LVEF, left ventricular ejection fraction; LVESD, left ventricular end‐systolic dimension; MBP, mean blood pressure; PWLV, left ventricular posterior wall; RVEDD, right ventricular end‐diastolic dimension; SBP, systolic blood pressure.

Compared with the control group, *P*\<0.01.

Compared with the DM group, *P*\<0.05.

Serum Biochemical and Oxidative Stress--Related Examination {#jah32256-sec-0026}
-----------------------------------------------------------

As shown in Table [3](#jah32256-tbl-0003){ref-type="table-wrap"}, fasting glucose at the 8th week was higher (*P*\<0.01) while the levels of insulin and GLP‐1 were lower (*P*\<0.01) in the DM group compared with the control group. Following alogliptin treatment for 8 weeks, serum concentration of GLP‐1 was higher in the DM‐A group when compared with the DM group (*P*\<0.05). The levels of insulin and GLP‐1 were still lower than those in the control group (*P*\<0.01). The levels of creatinine, triglycerides, total cholesterol, and low‐ and high‐density lipoprotein cholesterol were not significantly different among the 3 groups. There were increased MDA, 8‐OHdG, and high‐sensitivity C‐reactive protein concentrations (*P*\<0.01) and decreased superoxide dismutase activity (*P*\<0.05) in the DM group compared with the control group (*P*\<0.01). Of note, these inflammatory and oxidative stress markers could be attenuated by alogliptin treatment (*P*\<0.01 or 0.05), except superoxide dismutase activity.

###### 

Serum Biochemical, Oxidative Stress, and Inflammation Examination

                          Control Group (n=10)   DM Group (n=10)                                       DM‐A Group (n=10)                                                                            *P* Value
  ----------------------- ---------------------- ----------------------------------------------------- -------------------------------------------------------------------------------------------- -----------
  Glucose, mmol/L         5.35±0.35              15.98±0.96[a](#jah32256-note-0007){ref-type="fn"}     11.57±0.52[a](#jah32256-note-0007){ref-type="fn"}, [b](#jah32256-note-0008){ref-type="fn"}   \<0.001
  Insulin, mmol/L         17.36±1.19             8.01±0.59[a](#jah32256-note-0007){ref-type="fn"}      10.19±0.87[a](#jah32256-note-0007){ref-type="fn"}                                            \<0.001
  GLP‐1, pmol/L           1.21±0.14              0.35±0.02[a](#jah32256-note-0007){ref-type="fn"}      0.80±0.07[a](#jah32256-note-0007){ref-type="fn"}, [b](#jah32256-note-0008){ref-type="fn"}    \<0.001
  Creatinine, μmol/L      81.47±5.70             90.56±6.23                                            91.21±3.58                                                                                   0.365
  TC, mmol/L              1.43±0.12              1.57±0.11                                             1.61±0.14                                                                                    0.551
  Triglycerides, mmol/L   1.06±0.13              1.16±0.14                                             1.09±0.12                                                                                    0.774
  LDL‐C, mmol/L           0.28±0.06              0.35±0.05                                             0.38±0.05                                                                                    0.445
  HDL‐C, mmol/L           0.41±0.05              0.45±0.03                                             0.49±0.04                                                                                    0.403
  SOD, U/mL               472.10±23.49           398.45±19.43[c](#jah32256-note-0009){ref-type="fn"}   425.72±12.17                                                                                 0.037
  hs‐CRP, mg/L            1.78±0.36              5.89±0.62[a](#jah32256-note-0007){ref-type="fn"}      3.89±0.42[b](#jah32256-note-0008){ref-type="fn"}, [c](#jah32256-note-0009){ref-type="fn"}    \<0.001
  MDA, nmol/mL            11.00±0.75             16.9±1.07[a](#jah32256-note-0007){ref-type="fn"}      13.77±0.91[b](#jah32256-note-0008){ref-type="fn"}                                            0.001
  8‐OHdG, ng/mL           1.62±0.18              3.67±0.24[a](#jah32256-note-0007){ref-type="fn"}      2.04±0.19[d](#jah32256-note-0010){ref-type="fn"}                                             \<0.001

Values are expressed as mean±SEM. 8‐OHdG indicates 8‐hydroxy‐2′‐deoxyguanosine; DM‐A, alogliptin‐treated diabetes mellitus (DM); GLP‐1, glucagon‐like peptide‐1; HDL‐C, high‐density lipoprotein cholesterol; hs‐CRP, high‐sensitivity C‐reactive protein; LDL‐C, low‐density lipoprotein cholesterol; MDA, malondialdehyde; SOD, superoxide dismutase; TC, total cholesterol.

Compared with the control group, *P*\<0.01.

Compared with the DM group, *P*\<0.05.

Compared with the control group, *P*\<0.05.

Compared with the DM group, *P*\<0.01.

Surface ECGs and Electrophysiological Studies {#jah32256-sec-0027}
---------------------------------------------

The findings from surface ECGs showed no statistical differences among the 3 groups (Table [4](#jah32256-tbl-0004){ref-type="table-wrap"}). Electrophysiological studies demonstrated slight prolongation in AERPs in the DM group compared with the control group, with alogliptin treatment reversing the prolonged AERPs. No significant difference was observed among the 3 groups except high right atrium ERP at the basic cycle length of 250 ms (Figure [2](#jah32256-fig-0002){ref-type="fig"}A through [2](#jah32256-fig-0002){ref-type="fig"}C). Notably, AERP dispersion and interatrial conduction time in the DM group were significantly increased compared with the control group, which was attenuated by alogliptin treatment (Figure [2](#jah32256-fig-0002){ref-type="fig"}D and [2](#jah32256-fig-0002){ref-type="fig"}E). A representative AF episode induced by the burst pacing is shown in Figure [2](#jah32256-fig-0002){ref-type="fig"}G. In the control group, AF was induced in 20% of rabbits, and a smaller increase was observed in the DM‐A model by 10%, compared with control, than the DM, which had an absolute increase of 60%. The specific values of the electrophysiological studies are shown in Table [4](#jah32256-tbl-0004){ref-type="table-wrap"}.

###### 

Surface ECGs and Electrophysiological Parameters

                                    Control Group (n=10)   DM Group (n=10)                                                                              DM‐A Group (n=10)                                   *P* Value
  --------------------------------- ---------------------- -------------------------------------------------------------------------------------------- --------------------------------------------------- -----------
  Surface ECG parameters, ms                                                                                                                                                                                
  P‐wave duration                   35.87±1.80             41.13±1.29                                                                                   38.25±1.84                                          0.106
  PR interval                       64.63±1.58             70.88±1.88                                                                                   67.50±2.56                                          0.121
  QRS duration                      33.13±1.04             35.50±1.48                                                                                   33.63±1.60                                          0.460
  QT interval                       138.38±4.45            139.00±3.45                                                                                  136.88±2.98                                         0.916
  Electrophysiological parameters                                                                                                                                                                           
  SCL                               355.30±9.77            353.90±12.74                                                                                 349.30±9.50                                         0.919
  IACT                                                                                                                                                                                                      
  150 ms                            22.70±1.32             35.60±1.91[a](#jah32256-note-0012){ref-type="fn"}                                            23.90±1.54[b](#jah32256-note-0013){ref-type="fn"}   \<0.001
  200 ms                            21.10±1.31             34.30±2.06[a](#jah32256-note-0012){ref-type="fn"}                                            24.00±1.43[b](#jah32256-note-0013){ref-type="fn"}   \<0.001
  250 ms                            23.00±1.25             35.80±1.01[a](#jah32256-note-0012){ref-type="fn"}                                            25.70±1.19[b](#jah32256-note-0013){ref-type="fn"}   \<0.001
  *P* Value                         0.543                  0.801                                                                                        0.597                                               
  AVWCL                             162.00±5.44            167.50±5.01                                                                                  172.50±3.82                                         0.318
  HRAERP                                                                                                                                                                                                    
  150 ms                            72.20±2.12             73.60±2.65                                                                                   77.40±2.25                                          0.286
  200 ms                            77.20±1.77             83.00±3.98                                                                                   80.80±2.25                                          0.357
  250 ms                            73.80±1.59             86.00±2.29[a](#jah32256-note-0012){ref-type="fn"}, [c](#jah32256-note-0014){ref-type="fn"}   78.60±2.97                                          0.004
  *P* Value                         0.165                  0.021                                                                                        0.630                                               
  LLAERP                                                                                                                                                                                                    
  150 ms                            80.20±1.50             88.80±4.70                                                                                   85.00±3.62                                          0.243
  200 ms                            84.80±2.48             91.60±5.34                                                                                   86.40±4.48                                          0.522
  250 ms                            84.60±2.15             95.60±6.17                                                                                   88.80±2.92                                          0.184
  *P* Value                         0.229                  0.683                                                                                        0.769                                               
  HLAERP                                                                                                                                                                                                    
  150 ms                            73.20±1.82             82.20±3.76                                                                                   77.40±2.05                                          0.078
  200 ms                            80.20±3.13             85.60±4.36                                                                                   83.80±3.13                                          0.563
  250 ms                            79.00±2.75             87.00±6.01                                                                                   83.80±2.59                                          0.394
  *P* Value                         0.151                  0.770                                                                                        0.158                                               
  AERPD                             17.60±1.71             32.00±3.14[a](#jah32256-note-0012){ref-type="fn"}                                            23.80±2.16[d](#jah32256-note-0015){ref-type="fn"}   0.001

Values are expressed as mean±SEM. AERPD indicates atrial effective refractory period dispersion; AVWCL, atrioventricular Wenckebach cycle length; DM‐A, alogliptin‐treated diabetes mellitus (DM); HLAERP, high left atrium effective refractory period; HRAERP, high right atrium effective refractory period; IACT, interatrial conduction time; LLAERP, low left atrium effective refractory period; SCL, sinus cardiac length.

Compared with the control group, *P*\<0.01.

Compared with the DM group, *P*\<0.01.

Compared with the basic cycle length of 150 ms, *P*\<0.05.

Compared with the DM group, *P*\<0.05.

![Electrophysiological measurements and atrial fibrillation (AF) induction rate. A through C, High right atrium effective refractory period (HRAERP), high left atrium effective refractory period (HLAERP), and low left atrium effective refractory period (LLAERP) at basic cycle lengths of 150, 200, and 250 ms. D, Atrial effective refractory period dispersion (AERPD) of the 3 groups. E, Interatrial conduction time (IACT) at basic cycle lengths of 150, 200, and 250 ms in the 3 groups. F, the inducibility of AF in the 3 groups. G, Representative AF episodes induced by burst pacing. \*Compared with the control (CON) group, *P*\<0.05; ^\#^Compared with the diabetes mellitus (DM) group, *P*\<0.05. n=10 per group. DM‐A indicates alogliptin‐treated DM group; HLA, high left atrium; HRA, high right atrium; LLA, low left atrium; NS, not significant; RV, right ventricular.](JAH3-6-e005945-g002){#jah32256-fig-0002}

LA Interstitial Fibrosis and Atrial Myocyte Ultrastructural Changes {#jah32256-sec-0028}
-------------------------------------------------------------------

Figures [3](#jah32256-fig-0003){ref-type="fig"} and [4](#jah32256-fig-0004){ref-type="fig"} showed the representative histological sections from the left atrium in the 3 groups. Compared with the control group, extensive interstitial fibrosis and increased cross‐sectional areas of atrial cardiomyocytes were observed in the DM group and these were attenuated by the treatment of alogliptin. The ultrastructure of LA cardiomyocytes is shown in Figure [5](#jah32256-fig-0005){ref-type="fig"}. In the control group, regular sarcomere organization and uniformly sized mitochondria between sarcomeres were observed. However, the LA tissues from the DM group showed severe disintegrated myofilaments and swelling mitochondria that were accompanied by fractured cristae. After treatment with alogliptin, partial disintegration of myofilaments and slight swelling of mitochondria were observed.

![Left atrial interstitial fibrosis in the 3 groups. A, Control group; (B) diabetes mellitus (DM) group; (C) alogliptin‐treated DM (DM‐A) group. D, Illustrates the quantitative ratio of the area of fibrosis to the area of the reference tissue. \*\*Compared with the control (CON) group, *P*\<0.01; ^\#\#^Compared with the DM group, *P*\<0.01. NS indicates not significant. n=6 per group.](JAH3-6-e005945-g003){#jah32256-fig-0003}

![Left atrial cardiomyocyte mean cross‐sectional area in the 3 groups. A, Control (CON) group; (B) diabetes mellitus (DM) group; (C) alogliptin‐treated DM (DM‐A) group, D, Illustrates cardiomyocyte cross‐sectional area. \*\*Compared with the control group, *P*\<0.01; ^\#^Compared with the DM group, *P*\<0.05. NS indicates not significant. n=6 per group.](JAH3-6-e005945-g004){#jah32256-fig-0004}

![Comparison of left atrial ultrastructure among the 3 groups. A, Control group; (B) diabetes mellitus (DM) group; (C) alogliptin‐treated DM (DM‐A) group.](JAH3-6-e005945-g005){#jah32256-fig-0005}

Mitochondrial Respiratory Function, Membrane Potential, and ROS Generation {#jah32256-sec-0029}
--------------------------------------------------------------------------

In the DM group, state 3 respiration rate was significantly decreased compared with the control group; however, alogliptin treatment increased state 3 respiration rate compared with the DM group (*P*\<0.05; Figure [6](#jah32256-fig-0006){ref-type="fig"}A). No significant difference of state 4 respiration rate was observed among the 3 groups (Figure [6](#jah32256-fig-0006){ref-type="fig"}B). As a result, the DM group showed a lower respiratory control ratio than the other 2 groups (*P*\<0.05; Figure [6](#jah32256-fig-0006){ref-type="fig"}C). Mitochondrial Δψ in the DM group was reduced compared with the control group, and this was reversed by alogliptin treatment (*P*\<0.05 or 0.01; Figure [6](#jah32256-fig-0006){ref-type="fig"}D). On the contrary, the DM group showed markedly higher mitochondrial ROS generation rate than the control group, and alogliptin treatment significantly suppressed the mitochondrial ROS generation rate (*P*\<0.01; Figure [6](#jah32256-fig-0006){ref-type="fig"}E).

![Effects of alogliptin on mitochondrial state 3 respiration rate (A), state 4 respiration rate (B), respiratory control ratio (RCR) (C), mitochondrial membrane potential (D), and reactive oxygen species levels (E). \**P*\<0.05 vs the control (CON) group; \*\**P*\<0.01 vs the CON group; ^\#^ *P*\<0.05 vs the diabetes mellitus (DM) group; ^\#\#^ *P*\<0.01 vs the DM group. n=7 to 10. DCF indicates dichlorodihydrofluorescein diacetate; DM‐A, alogliptin‐treated DM group; NS, not significant.](JAH3-6-e005945-g006){#jah32256-fig-0006}

PGC‐1α, NRF‐1, and Tfam mRNA Expression {#jah32256-sec-0030}
---------------------------------------

As shown in Figure [7](#jah32256-fig-0007){ref-type="fig"}, decreases in the mRNA expression of PGC‐1α and Tfam (*P*\<0.01) were observed in the DM group compared with the control group, which were reversed by alogliptin treatment (*P*\<0.01). The mRNA expression of NRF‐1 was not significantly different among the 3 groups.

![Peroxisome proliferator--activated receptor‐γ coactivator 1α (PGC‐1α), nuclear respiratory factor‐1 (NRF‐1), and mitochondrial transcription factor A (Tfam) mRNA expression estimated by real‐time polymerase chain reaction. \*\**P*\<0.01 vs the control (CON) group; ^\#\#^ *P*\<0.01 vs the diabetes mellitus (DM) group. n=3 to 6. DM‐A indicates alogliptin‐treated DM group; NS, not significant.](JAH3-6-e005945-g007){#jah32256-fig-0007}

Transforming Growth Factor β1 and Nuclear Factor κB p65 Protein Expression in LA Tissue {#jah32256-sec-0031}
---------------------------------------------------------------------------------------

Compared with that in the control group, the expression of transforming growth factor β1 (TGF‐β1) and nuclear factor κB (NF‐κB) p65 increased in the DM group (Figure [8](#jah32256-fig-0008){ref-type="fig"}). These changes were reversed by alogliptin treatment (*P*\<0.01). No statistical differences in TGF‐β1 and NF‐κB p65 expression were observed between the control and DM‐A groups.

![Transforming growth factor β1 (TGF‐β1) and nuclear factor κB (NF‐κB) p65 protein expression in left atrial tissue estimated by Western blot. A, Representative Western blot analysis of the expression of TGF‐β1. B, Protein expression of NF‐κB p65. \*\**P*\<0.01 vs the control (CON) group; ^\#\#^ *P*\<0.01 vs the diabetes mellitus (DM) group. n=3 to 6. DM‐A indicates alogliptin‐treated DM group; NS, not significant.](JAH3-6-e005945-g008){#jah32256-fig-0008}

Mitochondrial Biogenesis--Related Protein Expression in LA Tissue {#jah32256-sec-0032}
-----------------------------------------------------------------

As shown in Figure [9](#jah32256-fig-0009){ref-type="fig"}A, the expression of adiponectin was significantly decreased in the DM group compared with the control group (*P*\<0.01), changes that were reversed by alogliptin treatment (*P*\<0.01). The expression of AMPK was not significantly different among the 3 groups (Figure [9](#jah32256-fig-0009){ref-type="fig"}B). DM resulted in a decrease in phosphorylated AMPK protein expression (Figure [9](#jah32256-fig-0009){ref-type="fig"}C; *P*\<0.01), which was ameliorated by alogliptin treatment (*P*\<0.01). In comparison with the control group, the protein levels of PGC‐1α, NRF‐1, and Tfam were significantly reduced in the DM group (Figure [9](#jah32256-fig-0009){ref-type="fig"}D through [9](#jah32256-fig-0009){ref-type="fig"}F; *P*\<0.05 or 0.01). Treatment with alogliptin increased the expression of PGC‐1α, NRF‐1, and Tfam, suggesting that alogliptin can improve the mitochondrial biogenesis of atrium myocytes, which was depressed by DM.

![Protein levels of mitochondrial biogenesis‐related proteins in left atrial tissue estimated by Western blot. A through F, adiponectin, AMP‐activated protein kinase (AMPK), phosphorylated AMPK (p‐AMPK), peroxisome proliferator--activated receptor‐γ coactivator 1α (PGC‐1α), nuclear respiratory factor‐1 (NRF‐1), and mitochondrial transcription factor A (Tfam) protein levels in the 3 groups. \**P*\<0.05 vs the control (CON) group; \*\**P*\<0.01 vs the CON group; ^\#^ *P*\<0.05 vs the diabetes mellitus (DM) group; ^\#\#^ *P*\<0.01 vs the DM group. n=3 to 6. DM‐A indicates alogliptin‐treated DM group; NS, not significant.](JAH3-6-e005945-g009){#jah32256-fig-0009}

Discussion {#jah32256-sec-0033}
==========

In the present study, we identified the beneficial effects of the DPP‐4 inhibitor alogliptin on atrial structural and electrical remodeling in an alloxan‐induced diabetic rabbit model, providing further evidence that mitochondrial remodeling may be a possible mechanism in causing AF in the DM setting. The major findings of this study are as follows: (1) alogliptin attenuated DM‐induced atrial structural remodeling such as LA interstitial fibrosis and atrial myocyte hypertrophy and suppressed effectively serum MDA, 8‐OHdG, and high‐sensitivity C‐reactive protein levels in diabetic rabbits; (2) alogliptin ameliorated atrial mitochondrial swelling, prevented atrial mitochondrial respiratory dysfunction, preserved mitochondrial membrane potential, and reduced mitochondrial ROS production in diabetic rabbits; (3) AERP dispersion, interatrial conduction time, and AF inducibility increased in diabetic hearts and alogliptin effectively prevented this electrical remodeling; (4) PGC‐1α and Tfam mRNA expression in the LA tissue were decreased in the DM group and were elevated by alogliptin; and (5) LA myocardial protein expressions of TGF‐β1 and NF‐κB p65 increased in diabetic states and were attenuated by alogliptin. Mitochondrial biogenesis--related protein expressions of adiponectin, phosphorylated AMPK, PGC‐1α, NRF‐1, and Tfam in the DM group were decreased, while alogliptin promoted the expression of these proteins.

Although the precise pathophysiological mechanisms leading to AF in patients with DM has not been fully elucidated, structural and electrical remodeling are 2 major synergistic contributors to the AF substrate.[22](#jah32256-bib-0022){ref-type="ref"} Atrial interstitial fibrosis and replacement fibrosis are hallmarks of arrhythmogenic structural remodeling, producing electrical conduction heterogeneity and disturbance[23](#jah32256-bib-0023){ref-type="ref"} and eventually AF. The results from our previous studies have demonstrated that alloxan‐induced diabetic rabbit models exhibit atrial interstitial fibrosis and increased AF inducibility associated with prolonged AERP dispersion and interatrial conduction time.[5](#jah32256-bib-0005){ref-type="ref"}, [24](#jah32256-bib-0024){ref-type="ref"} The data from this study further support the notion that AF is associated with atrial interstitial fibrosis and electrical conduction heterogeneity. Extensive interstitial fibrosis as well as a high protein level of TGF‐β1 in LA tissue were observed in the DM group. TGF‐β is recognized as a major stimulator of fibrous tissue deposition and can induce a profibrotic phenotype. In the setting of DM, hyperglycemia, generation of advanced glycation end‐products, inflammation, and oxidative stress may directly activate resident cardiac fibroblasts and induce a matrix‐synthetic phenotype by the activation of fibrogenic growth factors, especially TGF‐β1.[25](#jah32256-bib-0025){ref-type="ref"}

Moreover, accumulating evidence suggests that oxidative stress plays a pivotal role in the development and perpetuation of AF.[4](#jah32256-bib-0004){ref-type="ref"}, [5](#jah32256-bib-0005){ref-type="ref"}, [21](#jah32256-bib-0021){ref-type="ref"}, [24](#jah32256-bib-0024){ref-type="ref"} Increased ROS levels can damage proteins, lipids, and DNA (especially mitochondria DNA), and induce inflammation by augmenting cytokine production from activated inflammatory cells, which, in turn, precipitates further tissue damage.[26](#jah32256-bib-0026){ref-type="ref"} In addition, ROS are involved in cardiac structural and electrical remodeling, which increase the susceptibility to AF.[27](#jah32256-bib-0027){ref-type="ref"} In our study, the content of lipid oxidation products MDA and DNA oxidation products 8‐OHdG were sharply raised in the circulation of diabetic rabbits, providing indirect evidence that increased oxidative stress is involved. The redox imbalance may contribute to the altered gene regulation in the DM setting. One of the most important mediators of this change in transcriptional regulation is NF‐κB. In the LA tissues, we found that the protein level of NF‐κB was significantly increased in the DM group. NF‐κB is a redox‐sensitive transcription factor that regulates a multitude of genes involved in inflammation.[28](#jah32256-bib-0028){ref-type="ref"} It can upregulate the TGF‐β pathway[29](#jah32256-bib-0029){ref-type="ref"} and decrease the amplitude of the Na^+^ current,[30](#jah32256-bib-0030){ref-type="ref"} both of which predispose to reentry.[31](#jah32256-bib-0031){ref-type="ref"}

Although there are several sources of ROS in cardiac tissue, including NADPH oxidase, xanthine oxidase, and uncoupled nitric oxide synthase, mitochondria have been proposed as the major ROS source for long‐term AF and age‐related functional decline.[32](#jah32256-bib-0032){ref-type="ref"} Electron leakage from complex I and III is associated with the generation of ROS that has been implicated in arrhythmogenesis.[33](#jah32256-bib-0033){ref-type="ref"} Inhibition of complex II can prevent hyperglycemia‐induced ROS production in bovine endothelial cells and the subsequent activation of protein kinase C, the formation of advanced glycation end‐products, sorbitol accumulation, and NF‐κB activation.[34](#jah32256-bib-0034){ref-type="ref"} Xie et al\'s study[21](#jah32256-bib-0021){ref-type="ref"} indicated that inhibition of mitochondrial ROS production can reduce AF susceptibility and improve mitochondrial function. Montaigne et al[35](#jah32256-bib-0035){ref-type="ref"} found that atrial tissue from patients in whom postoperative AF developed exhibited a significantly enriched cluster of downregulated genes involved in redox reactions and upregulation of mitochondrial manganese superoxide dismutase activity, both of which were regarded as indirect evidence of increased mitochondria‐targeted ROS. In our study, we provide direct evidence that mitochondrial ROS generation rate in the DM group was significantly increased, which contributed to the arrhythmic substrate.

In addition to mitochondrial respiration, complex activity, and calcium retention capacity, mitochondrial oxidative stress has been regarded as a main cause of mitochondrial dysfunction. Emerging evidence implicates mitochondrial dysfunction in arrhythmogenesis.[26](#jah32256-bib-0026){ref-type="ref"} Except the adverse effect of ROS, mitochondrial dysfunction can directly lead to reduced peak sodium current[33](#jah32256-bib-0033){ref-type="ref"} and downregulation of connexin 43,[36](#jah32256-bib-0036){ref-type="ref"} result in cytosolic calcium overload,[37](#jah32256-bib-0037){ref-type="ref"} and cause the depolarization of Δψ and the opening of the sarcolemmal ATP--sensitive potassium channel,[38](#jah32256-bib-0038){ref-type="ref"} all of which contribute to an increased propensity for reentrant‐type arrhythmias. Evidence suggests that preoperative mitochondrial dysfunction of the atrial myocardium may be an important determinant of AF risk after coronary artery bypass grafting surgery in patients with metabolic syndrome.[35](#jah32256-bib-0035){ref-type="ref"} Anderson et al[39](#jah32256-bib-0039){ref-type="ref"} reported mitochondrial dysfunction in the atrial myocardium of 11 patients with DM. In this study we found that mitochondria from the LA tissue of diabetic rabbits showed severe disintegrated myofilaments and swelling mitochondria that was accompanied by fractured cristae, as well as decreased Δψ and mitochondrial respiration. Optimal mitochondrial Δψ is important for ATP generation and for maintaining the complete function of mitochondria. The mitochondrial permeability transition pore plays a critical role in preserving the normal Δψ. Accumulating ROS levels and calcium overload can trigger the opening of mitochondrial permeability transition pores to molecules \<1500 Da in molecular weight, causing mitochondria to become further depolarized, leading to Δψ collapse, cytochrome c release, mitochondrial swelling, and cellular apoptosis.[40](#jah32256-bib-0040){ref-type="ref"} Another structure associated with normal Δψ is uncoupling proteins. Activation of uncoupling proteins has beneficial effects on mitochondrial functions, including balancing the Δψ and reducing ROS formation and cellular oxidative damage.[41](#jah32256-bib-0041){ref-type="ref"} Both oxidative stress and cellular apoptosis are related to atrial remodeling.

Mitochondrial biogenesis, a dynamically regulated process, is essential for its maintenance of quantity and function, which plays an important role for cells and tissues in surviving and recovering from mitochondrial damage. Recently, research suggested that impaired mitochondrial function and biogenesis in the myocardium may represent an important pathological feature of DM.[42](#jah32256-bib-0042){ref-type="ref"} PGC‐1α is a crucial promoter of mitochondrial biogenesis, regulated by AMPK and induced by NRF‐1 and Tfam.[12](#jah32256-bib-0012){ref-type="ref"}, [43](#jah32256-bib-0043){ref-type="ref"} Adiponectin concentration is known to be decreased in metabolic syndrome, which can be present in patients with type 1 DM, and higher adiponectin concentration is associated with a lower prevalence of metabolic syndrome.[44](#jah32256-bib-0044){ref-type="ref"} Adiponectin can improve mitochondrial biogenesis and reduce oxidative stress by activating AMPK or other pathways.[12](#jah32256-bib-0012){ref-type="ref"}, [45](#jah32256-bib-0045){ref-type="ref"}, [46](#jah32256-bib-0046){ref-type="ref"} In our study, we found that the mRNA level of PGC‐1α and Tfam, as well as the protein level of PGC‐1α, NRF‐1, and Tfam in the LA tissue were decreased in the DM group, keeping with the notion that mitochondrial biogenesis was impaired. Furthermore, the protein level of adiponectin and phosphorylated AMPK in the DM group was decreased, suggesting that adiponectin/AMPK/PGC‐1α signaling may contribute to the mitochondrial biogenesis in alloxan‐induced type 1 diabetic hearts.

Alogliptin is a novel antidiabetic agent that is part of the DPP‐4 inhibitor class. Consistent with a previous report,[16](#jah32256-bib-0016){ref-type="ref"} our study demonstrated that DPP‐4 inhibitors have favorable effects in ameliorating arrhythmic substrate, improving electrophysiological abnormalities, and reducing AF inducibility. Previously, it has been shown that DPP‐4 inhibitors decrease plasma and brain oxidative stress levels in high‐fat diet--induced insulin‐resistant rats, and restored impaired brain mitochondrial function.[47](#jah32256-bib-0047){ref-type="ref"} Another study showed that DPP‐4 inhibitors ameliorated cardiac dysfunction in hearts subjected to ischemia‐reperfusion injury by attenuating cardiac mitochondrial dysfunction and cardiomyocyte apoptosis.[48](#jah32256-bib-0048){ref-type="ref"} In the present study, we found that DPP‐4 inhibitors decreased mitochondrial ROS production rate, prevented mitochondrial membrane depolarization, alleviated mitochondrial swelling, and increased mitochondrial respiration function. Of note, DPP‐4 inhibitors increased the expression of adiponectin, AMPK, PGC‐1α, NRF‐1, and Tfam, indicating that alogliptin can improve the mitochondrial biogenesis by PGC‐1α/NRF‐1/Tfam signaling regulated by adiponectin/AMPK. By contrast, DPP‐4 inhibitors can improve the mitochondrial biogenesis by GLP‐1 receptor signaling. Recently, Takada et al[49](#jah32256-bib-0049){ref-type="ref"} found that DPP‐4 inhibitors improved exercise capacity and mitochondrial biogenesis in mice with heart failure via activation of GLP‐1. Similarly, GLP‐1 and GLP‐1 receptor agonist exendin‐4 treatment triggered an increase in mitochondrial mass, mitochondrial density, mitochondrial membrane potential, and oxygen consumption, which was accompanied by upregulation of PGC‐1α, the key regulator of mitochondrial biogenesis.[50](#jah32256-bib-0050){ref-type="ref"}

Study Limitations {#jah32256-sec-0034}
-----------------

There were several limitations to the present study that should be acknowledged. First, we used only one antidiabetic medication in this study without a comparison with other glucose‐lowering agents that could also affect AF. Second, the changes in the ionic currents, such as INa, ICa,L, IKr, Ito, and especially the IKATP channel and the related functional change that would play a main role in this setting, as well as connexin in atria, were not investigated. Also, serum angiotensin‐II level, which could aggravate atrial fibrosis, was not measured. Third, the mitochondrial ROS generation rate was measured, but ROS levels in mitochondria and myocardial cells could be quantified in future studies. Fourth, a causal relationship between mitochondrial dysfunction (especially mitochondrial oxidative stress) and AF was not established. Finally, the roles of distinct components of signal transduction pathways in mitochondrial biogenesis need further clarification.

Conclusions {#jah32256-sec-0035}
===========

DPP‐4 inhibitors have the potential to ameliorate arrhythmic substrate in a rabbit model, and our study supports further research in the role of DDP‐4 inhibitors in patients with DM.
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